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INTRODUCTION
The Atlantic SW coast of the Iberian Peninsula is a biogeographical transition zone where many Atlantic marine species encounter their southern and northern limits, and Mediterranean species their western limits (European Register of Marine Species, www.vliz.be/ vmdcdata/erms/, and links therein). This coastal area exhibits a harsh combination of environmental conditions for soft sediment populations, due both to high levels of physical stress and to water motion-driven substrate instability, resulting in small, geographically isolated patches of suitable habitat which are mostly restricted to estuaries and coastal lagoons. In such habitats, seagrass communities play several key roles, for instance, they are primary producers, nurseries for important fish and shellfish populations, they filter suspended matter, and stabilize soft sediments.
Seagrass habitat is degrading worldwide due to anthropogenic disturbances, such as eutrophication, climate change, habitat destruction and coastal development (Short & Wyllie-Echeverria 1996 , Duarte 2002 , Green & Short 2003 . Habitat loss and fragmentation of seagrass meadows may result in loss of genetic diversity (Reusch 2003) , although moderate disturbance can also enhance genetic (genotypic) diversity (Hammerli & Reusch 2003) . Recovery of damaged seagrass communities may achieve biomass restoration through vegeta- ABSTRACT: The effects of oceanographic patterns on marine genetic biodiversity along the SW Iberian Peninsula are poorly understood. We addressed the question of whether gene flow in this region depends solely on geographic distance between isolated patches of suitable habitat or if there are superimposed effects correlated with other factors such as current patterns. Zostera noltii, the dwarf eelgrass, is the keystone habitat-structuring seagrass species on intertidal mudflats along the Iberian west coast. We used 9 microsatellite loci to analyze population genetic diversity and differentiation for all existing 8 populations from NW Spain (Ria de Vigo) to SW Spain (Puerto Real, Cadiz (Endler 1986 , Williams 2001 . In order to investigate the influence of disturbance on population structure and predict effects of future perturbations, understanding population genetic structure, diversity, and gene flow within and between natural populations is essential. Studies of Zostera marina have shown the need for genetic data in transplanting initiatives (e.g. Williams & Davis 1996) . Williams & Orth (1998) showed that natural genetic diversity was distributed among various populations in the Chesapeake and Chinoteage Bays, and that it is not well represented by single populations. This type of knowledge is important for protection of seagrass meadows and to guide restoration initiatives (e.g. transplanting) of destructed areas (Williams 2001) . It should however be noted that these studies used allozyme data that had little resolution to calculate genetic diversity. Seagrasses can reproduce sexually through seeds and vegetatively through clonal propagation (Den Hartog 1970) . The genetic structure of seagrass meadows is greatly influenced by the balance between seedling recruitment and clonal growth via rhizomes. Sexual reproduction introduces novel genotypes while asexual propagation ensures the spread of successful genotypes. However, it has often been suggested that sexual reproduction does not play an important role in seagrass propagation. This is attributed to low pollination success in hydrophilous flowering plants, limited dispersal of pollen and seeds, and low survival of seeds and seedlings (Les 1988 , Laushman 1993 , Hemminga & Duarte 2000 , Reusch 2003 . Reusch (2000) , however, found high outcrossing rates and multiple paternities in populations of the eelgrass Zostera marina from the German Wadden Sea, which suggests high pollination success, and contradicts the previous idea that sexual reproduction is not important in seagrasses. Pollen and seed dispersal, and especially seedling survival, appear to be the important limiting factors to sexual recruitment (Orth et al. 1994 , Reusch 2003 . These factors, in combination with extensive clonal growth, lead to the prediction that population differentiation will be significant. Geographic history and local environmental parameters act to further structure populations. This results in highly variable patterns of population genetic structure in seagrasses, even within populations of the same species (Reusch et al. 1998 , Waycott 1998 , Angel 2002 , Reusch 2002 . The clonal mode of propagation in seagrasses makes assessment of individual plants difficult. Genetic methods are therefore needed to distinguish genets (genetic individuals) from ramets (morphological individuals arising from vegetative reproduction) (Harper 1977) .
Population genetics of
Only then can proper analysis be performed to assess genotype diversity and gene flow. With the development of high-resolution DNA-based genetic markers it is possible to identify genets and ramets.
The dwarf eelgrass Zostera noltii Hornemann is an important perennial seagrass species on intertidal mudflats consisting of mud and detritus-rich fine sand. It is widely distributed, from Norway, south to the Mauritanian coast, just into the tropical region (Phillips & Menez 1988 , Green & Short 2003 , it is also present in the Mediterranean, the Black Sea, and even in the Caspian and Aral Seas (Den Hartog 1970) . Z. noltii is an ideal seagrass species with which to investigate genetic differentiation among and between marine soft sediment populations along the west Iberian Peninsula coast, as it is a key species in such estuaries and coastal lagoons. These Z. noltii stands range from small fragmented patches to large continuous meadows, some of which are subjected to variable levels of disturbance, ranging from pristine undisturbed stable habitats to areas with unstable sediments and/or a high degree of several human-induced disturbances (e.g. increased nutrient input, dredging, clam digging and boats). These differences may be reflected in the genetic make-up of the various populations.
Along the West Iberian coast, Zostera noltii is restricted to estuaries and coastal lagoons separated by long stretches of unsuitable habitat. Populations are often separated by hundreds of kilometers. This pattern of large geographic distances between suitable habitat leads to the hypothesis that populations along this region may be highly differentiated, with low gene flow between them. The occurrence of a poleward current of warmer water (Relvas & Barton 2002) during the reproductive season of this species might influence the populations located south of the Tagus estuary. This leads us to hypothesize that populations in this region should have a higher degree of connectedness between them than with those further north. We also hypothesize that there is high genetic drift due to small population sizes; this is magnified by habitat fragmentation and/or isolation.
The aim of the present study is to investigate these hypotheses by describing genetic variability and structure of all Zostera noltii populations that occur along the SW Atlantic Iberian coast (Cadiz to Galicia), inferred from the polymorphism of DNA microsatellites. Correspondence between the observed patterns and those predicted from geographic and oceanographic factors will be evaluated. The results from this study will provide a better understanding of the influence of nearshore oceanographic patterns and coastal topography along the SW Atlantic Iberian coast on the genetic diversity and structure of a marine species that plays a key role in ecosystem dynamics.
MATERIALS AND METHODS
Sample collection. Zostera noltii samples were collected from 8 populations along the Iberian Peninsula coast ( Fig. 1 ) ranging from Ria de Vigo in northern Spain to Puerto Real on the southern Spanish Atlantic coast (Table 1) . Distances between populations along the coast range from 60 to about 1000 km. Ramets were sampled at 50 random distances along a 60 m transect line and at randomly calculated distances to the left (max. 10 m) or right (max. 10 m) of the line, resulting in random sampling within a 20 × 60 m sampling area (1200 m 2 ). This way of sampling is only possible in fairly large continuous patches. When patches were small or fragmented, samples were taken in various ways; these are listed in Table 1. DNA extraction, isolation, microsatellite amplification and locus scoring. Details of DNA extraction, isolation, microsatellite characterization and scoring of microsatellite loci can be obtained from Coyer et al. (2004a) . In brief, genomic DNA was extracted from silica dried plant material by a CTAB (2% hexadecyl trimethylammonium bromide) method. Nine microsatellite loci (Genbank accession codes: ZnB1
were PCR amplified using fluorescently labeled primers. PCR products were visualized using an ABI-377 automated sequencer (Perkin-Elmer) and scored using Genescan software (Applied Biosystems).
Data analysis. Zostera noltii reproduces sexually and vegetatively. It is important to differentiate genets from ramets. Genetic diversity parameters such as inbreeding and heterozygosity can only be accurately assessed between genets. Multiple ramets of the same genet have to be removed prior to these analyses. Clonal diversity in a population was calculated as Ellstrand & Roose 1987) . In the case of a monoclonal population, P 'd is no longer dependent on the sample size but diversity will be 0 for monoclonal meadows and 1 for those in which each sample exhibits a unique genotype.
Several descriptive statistics for within and between population genetic diversity were calculated using the GENETIX 4.04 program (Belkhir et al. 2001) : number of alleles, observed heterozygosity (H obs ), Nei's gene diversity (expected heterozygosity (H exp ) (Nei 1987) (1985) as implemented in GENETIX 4.04 (Belkhir et al. 2001) . Significance of F IS and F ST and LD was tested using permutations (10 000 replicates). In LD permutations were followed by sequential Bonferroni correction (Rice 1989) . In order to further study genetic differentiation between populations (different sites) an assignment test was performed using Genclass 2.0 (Piry et al. 2004) . Assignment tests are useful to detect recent immigration events (dispersal) and explore the direction of possible migration between populations. All individuals (genets) are assigned to the population site for which its probability of belonging is the highest (Paetkau et al. 1995 , Cornuet et al. 1999 . Firstgeneration migrants were detected by computing the likelihood ratio Λ = L h /L max , where L h is the likelihood of drawing an individual from the population it was sampled from and L max is the maximum likelihood observed for the individual in any population including the population it was sampled in ). Probability calculations were done by a Monte-Carlo re-sampling (10 000 individuals) procedure (Paetkau et al. 1995 , Ranalla & Mountain 1997 , Cornuet et al. 1999 , Paetkau 2003 . These methods assume random mating and linkage equilibrium within each population.
Pairwise distances were calculated from allele frequency data using Reynold's distances (Reynolds et al. 1983 ) in PHYLIP 3.6a3 (Felsenstein 2002 ). A neighborjoining tree was constructed with bootstrap resampling (10 000 replications). More distant populations of Zostera noltii from Mauritania were used as outgroup species (Coyer et al. 2004b) .
Correlation between genetic differentiation and geographic distance (isolation by distance) was tested in the IBD 1.2 program using 2000 randomizations (Bohonak 2002). According to suggestions by Rousset (1997) for a 2-dimensional space, a Mantel test was performed on estimates of F ST /1-F ST (Rousset 1997) using the θ estimator (Weir & Cockerham 1984) in GENETIX 4.04 and the geographical distance. Reduced major axis (RMA) regression was used to determine the strength of the isolation. RMA is more appropriate than standard least-squares regression when the independent axis (geographic distance) is measured with error (Sokal & Rohlf 1981 , Hellberg 1994 .
RESULTS

Genetic and genotypic diversity
Genetic diversity over all 8 populations was high. A total of 372 individual Zostera noltii plants were genotyped for 9 microsatellite loci. This resulted in the identification of 233 genets and a total of 106 alleles. Average number of alleles per locus ranged from 4.7 to 7.2 (Table 2 ). All loci were polymorphic in all populations except for locus ZnE7, which was monomorphic in 2 populations, Rio Mondego and Rio Arade. Genotypic diversity was variable among populations ranging from P 'd of 0.33 in Rio Arade to a P 'd of 0.90 in the Rio Mira population (Table 2) .
Deviations from Hardy-Weinberg Equilibrium (HWE) and Linkage Disequilibrium (LD)
All populations are in HWE except Rio Sado (F IS = 0.308) ( Table 2 ). Significant LD was found in 5 (b1/b3, f11/b3, h10/b3, h10/f11 and h10/h8) out of 36 pairwise comparisons among 9 loci for all populations.
However, further testing revealed that LD was due to drift (D IS < D ST and D' IS > D' ST ) and not selection (after Black & Krafsur 1985).
Population differentiation
Strong differentiation among the 9 populations was found as estimated by pairwise F ST values (Table 3) . F ST ranged between 0.089 (Ria Formosa and Puerto Real, 112 km) and 0.260 (Ria de Aveiro and Rio Arade, 295 km). All pairwise comparisons were highly significant (p < 0.001).
Assignment test
In the assignment tests 92% of the individuals were assigned to the population from which they were sampled. The 8% not assigned to their population of origin could not confidently be assigned to any other population. In the migration test 6 individuals (genets) were found to likely be first-generation immigrants. However, the results only indicate immigration between populations within the 2 regions, i.e. either south or north of the Tagus River, but not between them.
Relationships among geographically distinct populations
A neighbor-joining analysis (based on Reynold's distances and using Mauritania as an outgroup) on all 8 Zostera noltii populations that occur between Vigo and Cadiz revealed 2 clusters separating northern and (Fig. 2) . Within the northern and southern cluster, population structure remained unresolved.
Isolation by distance (IBD)
Significant IBD (Mantel test, p < 0.016) was observed among all populations under consideration (0 to 990 km), and 24% of the variation in the data is explained by geographic distance (Fig. 3) . When populations south of the Tagus River were considered, no significant IBD was observed (p < 0.549). This indicates that IBD is mostly explained by the north-south distinction. IBD could not be calculated for the northern populations since only 3 populations are available. Fig. 2 . Neighbor-joining tree illustrating the relationship among Iberian Zostera noltii populations. The tree was based on pair wise Reynold's distances (Reynolds et al. 1983 ) between genets only. Only bootstrap values > 50% are shown (10 000 permutations). Mauritania populations were used as the outgroup each plant sampled consisted of a unique genotype that arose from a different seed (Rio Mira, P 'd = 0.90), with a mean P 'd of 0.62. Clonal diversity for Z. marina populations in the Iberian Peninsula (Ria Formosa) was much lower than in Z. noltii (Billingham et al. 2003) , with P 'ds ranging from 0.0 to 0.67 with a mean P 'd of 0.18 (recalculated from Billingham 2003). Iberian meadows of both Zostera species are often small and patchy, and therefore in both our study and that of Billingham et al. (2003) , clonal diversities were estimated from samples that in most cases covered the entire meadow. This result may thus be a biogeographic effect; the southern limit of Z. marina populations is along the southern coast of Portugal, but this represents the center of Z. noltii 's distributional range. Genetic diversity (H exp ) and allelic richness (no. alleles/locus) do not show any distinct pattern along the Iberian coast but the mean gene diversity (0.57 ± 0.06) and allelic richness (5.7 ± 0.9) are among the highest found within the distribution range of Zostera noltii as described in Coyer et al. (2004b) . They found a general decline in genetic diversity from Mauritania to Denmark along the Atlantic coast, which was related to range expansion from southern refugia after the last glacial maximum (10 000 b.c.). However, unexpected high diversity was found in the Dutch Wadden Sea and on the German island of Sylt. An explanation for this phenomenon could be disturbance (Coyer et al. 2004b) . In Z. marina high genetic diversity was also found in the Dutch Wadden Sea and the German island Sylt (Olsen et al. 2004 ) but was found to be low in Portuguese populations in the Ria Formosa. These populations are thought to be genetically impoverished as a consequence of isolation, patchiness and temperature stress, characteristics that are frequently observed in populations at their distributional limits.
DISCUSSION
Populations of Zostera noltii along the SW Iberian coast appear to be highly differentiated as shown by high F ST values. Furthermore, populations in the south are more connected to each other than to populations in the north and vice versa. Populations of Z. noltii are found mostly in secluded estuaries or lagoons with narrow access to the open sea and are separated by long stretches of unsuitable habitat, like beaches and rocky shores, tens to hundreds of kilometers apart. These circumstances are probably the main cause of the low gene flow observed between Z. noltii populations. However, the relatively high genetic diversity found in Z. noltii populations indicates that sexual reproduction plays an important role in these populations. Factors preventing reproductive plant parts from dispersing to other areas therefore appear to be the main reason for lack of connectivity between populations.
Surface currents probably also play an important role in the structuring of populations of Zostera noltii. Populations south of the Tagus River have a higher degree of connectedness between them than those further north (Fig. 3) . Sea surface currents along the Iberian Peninsula coast mediate strong upwelling and subsequent water movements perpendicular to shore (Fiuza 1983 ). This may cause dispersal directed more perpendicular to shore and subsequently low dispersal along the shore. During spring and summer, which is the reproductive season for Z. noltii, upwelling is more intense and persistent off the western coast than the southern coast. A coastal warm water counter-current runs south to north from the Gulf of Cadiz along the southern Portuguese coast (Relvas & Barton 2002) , sometimes as far as the Rio Sado, creating an obstacle to dispersal between northern and southern populations. Additionally, the equatorward current of cold water becomes separated from the coast around the latitudes of the Tagus River (Sanchez & Relvas 2003) . There are 2 other features that can function as geographical barriers and may increase the effect of coastal currents on dispersal and gene flow. First, there is the Tagus River, which flows into the Atlantic, affecting near-shore currents and salinity, and may prevent transport of Z. noltii propagules or (reproductive) vegetative fragments across the river mouth. The second barrier is the Nazaré Canyon. This is an underwater canyon that nearly reaches shore. It has been hypothesized that the Nazaré Canyon changes seawater circulation patterns (Gomes et al. 2001) , which might prevent Z. noltii from bridging the gap between north and south. Gomes et al. (2001) found a distinct pattern of differentiation between orthern and southern groundfish assemblages that corresponds with oceanographic differences north and south of the Tagus-Nazaré region. A similar pattern of differentiation was found in the red alga Gelidium sesquipedale (Alberto et al. 1999) . A distinction between populations of this algal species north and south of the Tagus River was shown in a neighborjoining tree based on RAPD markers. The patterns of distribution in G. sesquipedale were attributed to upwelling in combination with coastal surface currents. The present study is the first to relate the poleward Cadiz current to marine genetic biodiversity. Besides the role of oceanic currents, other explanations cannot be ruled out as possible causes for the observed differentiation. Populations of Zostera noltii are isolated, mostly small, and the level of clonality is variable between populations; therefore effective population size (N e ), at least in some populations, is likely to be low. Consequently, genetic drift is likely to be high in these populations. High differentiation suggests that gene flow is low but it could be mostly due to high drift. So even though suggestions of low gene flow imply low probability of recolonization after local extinctions, if drift is driving most differentiation, then migration might still be relevant. Isolation by distance suggests that some migration is taking place between neighboring populations, even across the Tagus/Nazaré barrier, although with lower frequency in the latter case. However, the assignment tests show no evidence for migration across the barrier, so it is likely to be very infrequent, possibly dependent on random events or very rare favorable conditions for transport of propagules.
In small isolated clonal populations there is a higher chance of local extinction. If extinction is followed by a stochastic recolonization event, a founder effect, this would likely cause the resulting populations to be highly differentiated. Our results imply that populations rely on their neighboring populations for recolonization and maintenance of genetic diversity. Loss of neighboring populations, i.e. decreases in connectedness, lowers the chance of dispersal and therefore makes populations even more vulnerable to extinction (Newman & Pilson 1997) . Genetic drift drives population differentiation, and this is expected to be stronger when there is low gene flow to counteract drift effects, as we have found to be the case for Iberian populations of Zostera noltii. In this situation it is likely that populations will become too different to function as donor populations in restoration practices. Knowledge of genetic diversity will enable proper selection of appropriate donor populations. However, genetic diversity alone will not guarantee success in restoration initiatives (Williams 2001) . The next step will be to collect information on the linkage of genetic diversity with fitness related characters such as sexual reproduction and growth rate. This information will greatly increase transplantation success.
In conclusion, this study has shown that populations of Zostera noltii along the Iberian Peninsula coast are highly differentiated and there is a clear difference between northern and southern populations with the major barrier coinciding with the Tagus River/Nazaré Canyon region. Gene flow takes place mostly between neighboring populations, but not enough to breakup inter-population differentiation, and rarely occurs across the north-south geographical barrier. Sea surface current patterns especially during the Z. noltii reproductive season may help explain the limited gene flow detected between northern and southern populations. The realization that oceanographic currents may act as barriers to dispersal is not new, but given the central position of SW Iberia as a biogeographic transition zone and as a refugium during the ice ages, the identification of oceanographic barriers and of other factors affecting gene flow in this region takes on particular importance in understanding such sharp biogeographic boundaries.
